In this study, the SAMPSON code was modified to evaluate severe accidents in a spent fuel pool (SFP). Not only the SFP but also upper spaces of the SFP, walls of the reactor building, and the blowout panel were included. Air oxidation models obtained by the Zircaroy-4 cladding (ANL model) and the Zircaroy-2 cladding (JAEA model) were included in the modified SAMPSON code. Experiments done by Sandia National Laboratory using simulated fuel assemblies equivalent to those of an actual BWR plant were analyzed by the modified SAMPSON code to confirm the function of fuel temperature calculation in the event of loss of fuel cooling in the SFP. The rapid fuel rod temperature rise due to the Zr air oxidation reaction could be reasonably evaluated by the SAMPSON analysis for the radial propagation experiment. The effect of the oxidation reaction model was evaluated by the analysis of the SFP assuming no initial water level. There was almost no difference in the maximum temperature transient of the fuel rod surface between the ANL and JAEA models since the extent of the oxidation reaction was limited by the amount of oxygen supplied in the current analysis conditions. The analysis was conducted with different initial water levels which were no water, water level at bottom of active fuel, and water level at half of active fuel. The present analysis showed that the earliest temperature rise of the fuel rod surface occurred when there was no water in the SFP and natural circulation of air became possible.
Introduction
The Fukushima Dai-ichi Nuclear Power Plant experienced serious damage in the Great East Japan Earthquake and Tsunami on March 11, 2011. After this accident the Nuclear Regulation Authority of Japan required electric utilities to formulate measures to prevent fuel damage and to evaluate their effectiveness in the case of a hypothetical loss of cooling function or loss of pool water in the spent fuel pool (SFP). Concerning potential severe SFP accidents, there have been joint international research programs led by the United States to investigate changes in conditions of spent fuel assemblies in hypothetical SFP accidents in boiling water reactor (BWR) and pressurized water reactor (PWR) conditions. Program mock-up test results showed that cladding of fuel assemblies burned violently in air, before finally breaking down (Lindgren and Durbin, 2007; Lindgren and Durbin, 2008) . Joint European tests simulating accidental air ingress to the reactor vessel showed that oxidation of fuel cladding was promoted by air ingress, causing severe damage to fuel assemblies (Steinbrück, et al., 2006; Stuckert, et al., 2016; Beuzet, et al., 2016) .
Cooling water spray and water injection systems for the SFP are being installed at Japanese nuclear power plants as countermeasures against severe accidents. To verify the efficiency of these systems, oxidation models for cladding Hiroaki SUZUKI*, Yoshihiro MORITA*, Masanori NAITOH*, Yoshiyuki NEMOTO** and Yoshiyuki KAJI** materials under SFP accident conditions must be implemented in severe accident codes. Such oxidation models were previously developed at the Argonne National Laboratory (ANL) (Natesan and Soppet, 2004) and L'institut de Radioprotection et de Sûreté Nucléaire (IRSN) (Coindreau, et al., 2010) . These were integrated in the available analysis codes, and utilized in simulation of mock-up SFP accident experiments for code validation work (Lindgren and Durbin, 2007; Beuzet, et al., 2011; Beuzet, et al., 2016; Stuckert, et al., 2016) . SAMPSON is a code included in the IMPACT code system which was developed through a 10-year project under sponsorship from the Japanese Ministry of Economy, Trade and Industry (Ujita, et al., 1999a) . SAMPSON was designed as a large-scale simulation code of inter-connected hierarchical modules covering a wide spectrum of scenarios ranging from normal operation to severe accidents. The use of empirical correlations was minimized, while the use of mechanistic models and theoretically based equations was maximized in SAMPSON. The code was validated by a wide range of analyses for separate-effect tests (Ujita, et al., 1999b; Hidaka and Ujita, 2001; Ujita and Hidaka, 2001; Hidaka, et al., 2002) , and integral tests mainly through participation in OECD projects (Ikeda, et al., 2003a; Ikeda, et al., 2003b) . However, severe SFP accidents were not considered in the original SAMPSON code and models needed for SFP analysis such as air oxidation were not included.
In this paper, modification of the SAMPSON code was carried out to enable the analysis of severe SFP accidents. Then the SAMPSON analysis of mock-up SFP accident experiments was performed to confirm the function of fuel temperature calculation in the event of loss of fuel cooling in the SFP. The modified SAMPSON code was applied to a hypothetical loss-of-coolant accident analysis of the SFP. Finally, influences of the oxidation model and initial water level on cladding temperature behavior were investigated.
Modification of SAMPSON code
In the case of hypothetical severe SFP accidents in which coolant is lost, heat removal from the spent fuel reduces and the temperature of the fuel rises. If the decay heat level of the spent fuel is high and appropriate measures such as spray cooling are not taken, the fuel temperature will continue to rise. In addition, the Zr oxidation reaction may accelerate the temperature rise and lead to fuel damage. In the case of hypothetical severe SFP accidents in which cooling function is lost, pool temperature rises due to the decay heat of fuel assemblies and water starts to evaporate. The steam formed will condense on reaching the walls of the reactor building and some water may fall back into the SFP. Also, pressure in the building will rise and air outside it may flow in after opening of the blowout panel. Therefore, not only the SFP but also the upper spaces of the SFP, walls of the reactor building, and the blowout panel must be modeled to evaluate such severe SFP accidents. Interfaces between SAMPSON modules have been developed to enable fuel temperature, debris transfer, and fission product (FP) release calculations for the SFP by the FRHA, MCRA, and FPRA modules, the thermal hydraulic calculation for the upper spaces of the SFP by the CVPA module, and the FP transfer calculation by the FPTA module ( Fig. 1 ).
Fig. 1 Typical configuration of SFP and modeling by modified SAMPSON code
The air oxidation model for fuel cladding, the radiation heat transfer model for heat transfer to the side walls and ceiling, and the heat conduction model to the outer concrete structures have been added to enable severe SFP accident analysis. In the following, Zr oxidation model incorporated in SAMPSON code was described. Spray cooling model and its validation was described in other paper (Suzuki, et. al., 2019) . The following parabolic rate law equation is often used for the Zr oxidation reaction:
Here K (g 2 m -4 s -1 ) is the oxidation mass rate of the parabolic rate law, Δm (g) is the mass gain, S (m 2 ) is the surface area of the cladding, a and b are constants obtained by experiment, R (Jmol -1 K -1 ) is the gas constant, and T (K) is the surface temperature. Accelerated oxidation occurs after breakaway of the surface oxide film in the case of air oxidation of Zr. Constants obtained by the experiment for Zircaroy-4 cladding (Natesan and Soppet, 2004) were first introduced to the SAMPSON code (hereinafter referred as the ANL model). The following equations which were used for the MELCOR code (Gauntt, et al., 2012) were used for breakaway occurrence conditions in the ANL model.
(3) PLOX = 112.528 10 + 42.038
It was judged that breakaway had occurred when the lifetime function LF became larger than 1. Different constants of a and b were used to simulate the accelerated oxidation after the breakaway. Then oxidation reaction constants were introduced that had been obtained by the test using Zircaroy-2 (hereinafter referred as the JAEA model) (Nemoto, et al., 2017) . The occurrence of breakaway was judged by integrating the function of temperature in the ANL model but it was judged by the oxidation mass in the JAEA model. Threshold of breakaway for dry air was calculated by the following equation: 
Here ( ) (gm -2 )is the threshold of breakaway, Tb (=1447 K) is the highest temperature in which m-ZrO2 is thermally stable, and HTr (=-5.94×10 3 Jmol -1 ) is the transition enthalpy from t-ZrO2 to m-ZrO2. Breakaway did not occur when the cladding surface temperature was higher than 1273 K. Oxidation mass rates of Zr for dry air by the ANL model and JAEA model are shown in Fig. 2 . Pre-breakaway oxidation mass rate when the temperature was larger than 1447 K was set as constant based on the test data in the JAEA model. Therefore, the pre-breakaway oxidation mass rate of the ANL model became larger than that of the JAEA model when temperature was higher than 2000 K. Oxidation mass rates for steam and a mixture of air and steam have also been obtained by the test using Zircaroy-2. Pre-breakaway oxidation mass rate was important for the JAEA model since breakaway did not occur when temperature was higher than 1273 K. Comparison of the Zr oxidation correlation for pre-breakaway in dry air, steam, and a mixture of air and steam is shown in Fig. 3 . Oxidation mass rate for the mixture of air and steam was the largest in the high temperature conditions.
Analysis results 3.1 Functional confirmation by analysis of experiments
Experiments done by Sandia National Laboratory (Lindgren and Durbin, 2007) using simulated fuel assemblies equivalent to those of an actual BWR plant were analyzed by the modified SAMPSON code. The SNL test simulated the situation in which the coolant was lost instantaneously, and confirmed a phenomenon in which the temperature rapidly increased due to the Zr oxidation reaction under the condition that air was forcibly supplied from the bottom. In the SNL test analysis, the shape loss factor of the fuel assembly, which was important in the calculation of the natural circulation flow rate, was first determined by analyzing the hydraulic experiment. Next, the reproducibility of the The analysis was carried out for the hydraulic experiment which measured the pressure loss of the fuel assembly by flowing air. One actual-size fuel assembly was simulated using a rectangular coordinate system and air of constant flow rate was supplied from the bottom of the assembly (Fig. 4 ). Each fuel rod was modeled by 10 nodes from k=5 to k=14. One representative fuel rod was used for averaged temperature calculation in SAMPSON code. Values that could simulate experiment were set for hydraulic diameter, heat transfer area, mass and so on. Pressure loss was calculated based on friction loss and shape loss. Shape loss factor was set at node boundaries. However, the value for shape loss factor was not validated for the gas flow which was important in SFP loss-of-coolant accidents. In this study pressure losses at grid spacers and tie plates were treated as shape losses and shape loss factor was adjusted to reproduce pressure loss of hydraulic experiment especially at low gas velocities expected in natural circulation conditions (Fig.5 ). The shape loss factor set here was also used in the following analysis.
In the radial propagation experiment, the central fuel assembly was heated electrically and unheated fuel assemblies were placed at four peripheral locations. SAMPSON noding for the radial propagation experiment is shown in Fig. 6 . In order to simulate the configuration of the radial propagation experiment accurately, it is necessary to construct a three-dimensional model which SAMPSON did not have for fuel assembly simulation. Analysis of the fuel assembly melting behavior requires enormous calculation time. In the evaluation of light water reactor severe accidents by the SAMPSON code, the core is divided into about four regions, and the average temperature rise and melting behavior of the fuel assemblies existing in each region are evaluated. In accordance with the modeling method for severe accident evaluation of light water reactors, a cylindrical coordinate system was adopted for the radial propagation experiment evaluation in which the i=1 channel simulated the central heated fuel assembly and the i=3 channel simulated the four unheated peripheral fuel assemblies. The outside of i=4 channel was set as the adiabatic condition since the outside of the unheated fuel assemblies and empty cells were covered with heat insulating material. The diameters were set equal to the cross-sectional areas of the experiment. Values that can simulate experiment were set for hydraulic diameter, heat transfer area, mass and so on. One representative fuel rod was used for averaged temperature calculation in SAMPSON code. The radiation view factors to the channel box etc. was set so that the average temperature could be calculated. The temperature of the surrounding four unheated fuel assemblies was also represented by one fuel rod. In this model it was assumed that the phenomenon was governed by one-dimensional heat transfer from the center to the periphery. The air flow rate and the inlet temperature of air used in the experiment were given as boundary conditions. The ANL model was used as the air oxidation model since Zircaroy-4 was used for the fuel cladding.
Comparison of the fuel rod temperature between the SAMPSON analysis and radial propagation experiment is shown in Fig. 7 at a height of about 0.9 m at which the first temperature rise started. In the analysis, the heat loss from the central fuel assembly to the peripheral fuel assemblies was overestimated. Therefore, the calculated temperature of the central fuel assembly was lower than the experiment and the calculated temperature of the peripheral fuel assemblies was higher than the experiment. Based on the SAMPSON noding rules, the rack at the left side of i=2 channel was in contact with the channel box of i=1 channel. There was actually air layer between the channel box of the heated fuel assembly and the rack. Since this part was not simulated accurately, it was considered that the heat transfer to the unheated fuel assembly was overestimated in the analysis. In the experiment, a rapid temperature rise of the fuel rods occurred at 17300 s due to the Zr air oxidation reaction, and heating of the fuel rods was stopped at this time. On the other hand, since the rapid increase in temperature of the fuel rods did not occur at 17300 s in the analysis, heating of the fuel rod was continued. As a result, the rapid temperature rise of the fuel rods also occurred in the analysis although the time of the rise was delayed. Also, as the fuel rod temperature in the central part rose, the temperature of the unheated fuel rods in the peripheral assemblies also increased. Even though there was a problem in the quantitative reproducibility of the temperature change since the three-dimensional system of the experiment was modeled by a cylindrical coordinate system, the rapid fuel rod temperature rise due to the Zr air oxidation reaction could be reasonably evaluated by SAMPSON analysis for the radial propagation experiment.
Impact assessment of oxidation reaction model
The effect of the oxidation reaction model was evaluated by the analysis of the SFP assuming the initial water level was zero, that is no water. The influence of the initial water level on the fuel rod temperature is discussed in Sec. 3.3. SAMPSON noding for the SFP and operation floor is shown in Fig. 8 . The configuration of the Fukushima Daiichi unit (Gauntt, et al., 2012) was simulated. The 1F4 SFP stores 1590 fuel assemblies for a full load. A state was simulated in which 1200 fuel assemblies were stored using a rectangular coordinate system. Analysis of the fuel assembly melting behavior requires enormous calculation time. Here, the fuel assemblies in the SFP were divided into three regions, and the average temperature rise and melting behavior of the fuel assemblies existing in each region were evaluated. The same value as the 1F4 SFP configuration was used for the depth. The width of each channel was set so that the cross-sectional area of the simulated region was the same. The channels (i=2,4,6) with the representative fuel rod for temperature calculation simulated racks in which the fuel assemblies were stored. Space between racks and empty racks were gathered in odd channels (i=1,3,5,7) without fuel rod. Values that can simulate SFP configuration were set for hydraulic diameter, heat transfer area, mass and so on. This model could not evaluate the effect of local power distribution for each fuel assembly in each channel. The axial power distribution for typical fuel assembly was considered. Radiation to the liner was considered in the fuel assemblies on both sides (i=2,6). Only radiation to the fuel assemblies on both sides (i=2,6) was considered in the central fuel assembly (i=4). Fuel assemblies with three values of decay heat could be set at i=2, i=4, and i=6. Each fuel assembly was simulated in a state of being stored in a B-SUS rack and the gap between the fuel assembly and the rack was conservatively ignored. The lower part of the SFP including the fuel assemblies was analyzed by the MCRA module and the upper spaces including the operation floor were analyzed by the CVPA module. The blowout panel was set between the upper space and the environment, and the flow path would be formed when the pressure difference between the upper spaces and the environment exceeded a predetermined value (typically 0.02 MPa). In the following, analysis using decay heat, Zr oxidation reaction model, and initial water level as parameters was performed, and the SFP accident calculation function of the SAMPSON code was confirmed. Maximum temperature of the fuel rod surface with changed decay heat was confirmed (Fig. 9 ). The JAEA model was used as the air oxidation model of Zr. Decay heat was changed as 13.4 kW/assembly (corresponding to 5 days cooling), 6.6 kW/assembly (corresponding to 30 days cooling), 3.28 kW/assembly (corresponding to 90 days cooling), 1.4 kW/assembly (corresponding to one year cooling), and 0.8 kW/assembly (corresponding to 2.3 years cooling). When the decay heat was greater than 1.4 kW/assembly, the fuel rod temperature sharply increased at about 1100 K due to the Zr air oxidation reaction. In the SAMPSON code, the cladding tube and a part of the fuel rod melted at 2473 K considering the mutual reaction between them. When the decay heat was greater than 6.6 kW/assembly, fuel rod melting occurred in the analysis up to 50000 s.
Maximum temperature of the fuel rod surface with decay heat of 6.6 kW/assembly in which fuel rod melting occurred is shown in Fig. 10 . When the fuel rod temperature reached 1100 K, the progression of the Zr air oxidation reaction became significant and the temperature rise rate increased. After 11000 s, the rack (B-SUS, melting temperature 1727 K) and the channel box (Zr, melting temperature 2136 K) melted and the temperature rise rate became extremely small since decay heat was used for latent heat of melting. The upper part of the channel box at i=4 melted at 28080 s and oxygen was supplied to the fuel rods through the melted part. The temperature rise rate of channel 4 increased again since the Zr air oxidation reaction became prominent. Pressure of the SFP with decay heat of 6.6 kW/assembly is shown in Fig. 11 . The gas temperature increased due to the rise of the fuel rod temperature, and the pressure in the SFP gradually increased. The blowout panel opened at about 22500 s, and the blown-out air was mixed with the environment. The oxygen partial pressure ratio at the fuel assemblies did not increase immediately as described later even if the blowout panel opened since there was a distance from the blowout panel to the position of the fuel assemblies. Fig. 11 Pressure of SFP with decay heat of 6.6 kW/assembly (no water) Degradation of fuel assemblies with decay heat of 6.6 kW/assembly is shown in Fig. 12 . In the SAMPSON model, the structure relocates to the downward direction if it melts. In addition, if the fuel rod in the central part is completely melted, the fuel rod above that location relocates. The temperature of the fuel assemblies rose, and the rack with the lowest melting point melted first (Fig. 12(a) 11400 s) . Then the channel box at the upper part of channel 4 melted ( Fig.  12(b) 28080 s) . The fuel rod temperature rose at the upper part of channel 4 due to the Zr air oxidation reaction and the cladding tubes and a part of the fuel rods melted at 2473 K (Fig. 12(c) 31380 s) . At the end of the calculation, fuel melting also occurred in the middle part of channel 4. Melted fuel and the melted channel box accumulated on the floor as fuel particles and Zr particles. A small amount of molten steel from the rack was also present on the floor (Fig. 12(d) 33052 s).
Fig. 12
Degradation of fuel assemblies with decay heat of 6.6 kW/assembly (no water) Temperature of the central fuel assembly at each height with decay heat of 6.6 kW/assembly is shown in Fig. 13 . Fuel rod temperature increased quickly at an intermediate height which had a relatively high decay heat. Fig. 13 Temperature of the central fuel assembly at each height with decay heat of 6.6 kW/assembly (no water) Partial pressure ratio of oxygen with decay heat of 6.6 kW/assembly is shown in Fig. 14. Partial pressure ratio of oxygen gradually decreased due to the Zr air oxidation reaction which became significant when fuel rod temperature exceeded approximately 1100 K. The partial pressure ratio of oxygen above the intermediate height of the fuel rods where the temperature rose earlier decreased first. After 10000 s, the partial pressure ratio of oxygen was very small at locations above the intermediate height of the fuel rods. Finally, the oxygen concentration at the lowest part of the fuel rods (k=5) decreased where the temperature rise delayed. After 15000 s, the partial pressure ratio of oxygen was almost constant. During this period, the amount of oxygen supplied from the bottom and the amount of oxygen used in the oxidation reaction seemed to be balanced. The channel box at the upper part of channel 4 melted at 28080 s. Then air was supplied to the upper part of the channel 4, and the partial pressure ratio of oxygen rose. Thickness of Zr oxide film with decay heat of 6.6 kW/assembly is shown in Fig. 15 . The oxidation reaction amount is determined by the fuel rod temperature and the amount of oxygen supplied. Thickness of Zr oxide film at k=7 and k=8 increased most at 10000 s. Since oxygen was supplied from the lower part of the fuel assembly by natural circulation, oxygen was almost consumed by k=9, and the oxidation reaction did not proceed above k=10 after 10000 s. At k=5 and k=6, the time to reach 1100 K was late because the power density was low, but oxygen supply continued and the thickness of Zr oxide film continued to increase after 10000 s. The Zr air reaction became prominent at the upper part of the channel (above k=12), and the oxide film thickness sharply increased after 28080 s. The thickness of the cladding tube was 0.71 mm, and the oxidation rate remained at only 23% even at the position of k=6 where the oxidation reaction had progressed the most. Fig. 15 Thickness of Zr oxide film with decay heat of 6.6 kW/assembly (no water)
The maximum temperature of the fuel rod surface with decay heat of 6.6 kW/assembly obtained using the ANL oxidation model is shown in Fig. 16 . Although there was a difference in the oxidation reaction rate in the ANL model and the JAEA model (see Fig. 2 ), there was almost no difference in the time change of the maximum temperature of the fuel rod surface. This was because the extent of the oxidation reaction was limited by the amount of oxygen supplied, so no significant difference in the amount of oxidation of the fuel rods occurred in this noding and event sequence. It should be noted that more detailed analysis of SFP could lead to the difference in temperature. Fig. 16 Maximum temperature of fuel rod surface with decay heat of 6.6 kW/assembly using ANL oxidation model (no water)
Impact assessment of initial water level
In actual SFPs, fuel assemblies of various decay heat levels are stored. In order to get closer to the actual conditions, an analysis was conducted in which high decay heat fuel assemblies and low decay heat fuel assemblies were mixed. In this analysis, 248 high decay heat fuel assemblies (3.28 kW/assembly) were set to i=4, and 476 low decay heat fuel assemblies (0.25 kW/assembly) were set to i=2 and i=6. The initial water level of the SFP was assumed to be zero, that is no water, the water level was at the bottom of active fuel, and the water level was at the middle of active fuel.
Maximum temperature of fuel rod surface with no water is shown in Fig. 17 . The temperature of the high decay heat fuel rose due to the decay heat, and the temperature rise rate increased from around 1100 K due to the Zr air oxidation reaction. The upper part of the high decay heat fuel rods melted and fell down. The temperature rise rate of the low decay heat fuel rods was small, and in the analysis up to 40000 s, the temperature at which the Zr air oxidation reaction became conspicuous was not reached. Thickness of the Zr oxide film of decay heat of 3.28 kW/assembly with no water is shown in Fig. 18 . The oxidation reaction amount is affected by the fuel rod temperature and the amount of oxygen supplied. In this analysis, since 248 high decay heat fuel assemblies were set (21% of the total number of fuel assemblies), oxygen necessary for continuing the oxidation reaction of Zr was supplied to the high decay heat fuel assemblies. Therefore, oxidation progressed at the cladding tubes above k=7. The increase of the thickness of the oxide film was terminated halfway because the temperature of the cladding tubes reached 2473 K and melted. Although the decay heat was 3.28 kW/assembly for i=4 channel, the time to reach the melting temperature of the fuel rod was faster than when decay heat of all fuel rods was set to 6.6 kW/assembly.
Maximum temperature of the fuel rod surface with the water level at the bottom of active fuel is shown in Fig. 19 . The initial value of the water temperature was 320 K which was the same as the initial value of the fuel rod temperature. In this case, since a certain amount of steam was supplied in addition to air, the model for a mixed atmosphere of oxygen and steam was used for the Zr oxidation reaction. Although the temperature of the high decay heat fuel had risen due to the decay heat up to 1300 K, a sharp rise in the fuel rod temperature which had been seen in the case of no water did not occur. The temperature rise in the fuel rod with high decay heat fuel assembly (i=4) was almost stagnant after 30000 s because the decay heat was removed by radiation to the fuel assemblies on both sides (i=2,6). Fig. 20 . Partial pressure ratio of steam gradually increased until 10000 s as steam was supplied from the lower part of the fuel assemblies. Thereafter, partial pressure ratio of steam decreased due to the oxidation reaction between Zr and steam. Partial pressure ratio of steam became higher at the lower part since steam was supplied from the bottom. Partial pressure ratio of oxygen with water level at the bottom of active fuel is shown in Fig. 21 . Partial pressure ratio of oxygen gradually decreased until 10000 s since steam was supplied from the bottom and air was pushed out. However, the partial pressure ratio of oxygen temporarily increased in the upper part when downward flow in the fuel assemblies occurred. Basically, the partial pressure ratio of oxygen gradually decreased after 10000 s due to the oxidation reaction between Zr and oxygen. The thickness of Zr oxide film with the water level at the bottom of active fuel is shown in Fig. 22 . The extent of the oxidation reaction is determined by the fuel rod temperature and the amount of steam supplied. Thickness of oxide film at k=6 was the thickest; this was where the temperature of the fuel rod was high and a relatively large amount of steam was supplied. However, its thickness was about 0.5% of the cladding tube thickness, 0.71 mm. In the case of the water level at the bottom of active fuel, the oxidation reaction between Zr and steam was restricted due to the small supplied amount of steam. Therefore, the rapid increase of the fuel rod temperature did not occur even if fuel rod temperature exceeded 1100 K.
Maximum temperature of fuel rod surface with water level at the middle of active fuel is shown in Fig. 23 . The initial value of the water temperature was 320 K which was the same as the initial value of the fuel rod temperature. In this case, since an abundant amount of steam might be supplied, the model for steam was used for the Zr oxidation reaction. Although the temperature of the high decay heat fuel had risen due to the decay heat to 1700 K, the sharp rise in the fuel rod temperature which had been seen in the case of no water did not occur. Partial pressure ratio of steam with the water level at the middle of active fuel is shown in Fig. 24 . Partial pressure ratio of steam above k=10 (above the middle of active fuel) is shown. Partial pressure ratio of steam rose as steam was supplied and it became 1.0 by 6000 s. Thereafter, partial pressure ratio of steam decreased due to the oxidation reaction between Zr and steam. Partial pressure ratio of steam was higher at the middle part (k=10) since steam was supplied from the middle part. The fact that the steam partial pressure ratio did not fluctuate largely after 25000 s indicates that the amount of steam supplied and the amount of steam used in the oxidation reaction were almost balanced. Thickness of Zr oxide film with the water level at the middle of active fuel is shown in Fig. 25 . Thickness of oxide film at k=12 was the thickest; this was where the temperature of the fuel rod was high and a relatively large amount of steam was supplied. The thickness was about 26% of the cladding tube thickness, 0.71 mm, at the time of 40000 s. It was thought that the oxidation reaction progressed because the supplied amount of steam was higher for the water level at the middle of active fuel than for the water level at the bottom of active fuel.
Comparison of the maximum temperature of the fuel rod surface among the changed initial water levels is shown in Fig. 26 . In the case of no water, oxygen necessary for continuing the Zr oxidation reaction was supplied to the high decay heat fuel (3.28 kW/assembly) by natural circulation of air, and the fuel rod temperature sharply increased. In the case of the water level at the bottom of active fuel, fuel rod temperature rise due to the Zr oxidation reaction did not occur since natural circulation of air did not occur and supplied amount of steam was small. In the case of water level at the middle of active fuel, the large fuel rod temperature rise due to the Zr oxidation reaction did not occur since the steam generation rate was limited by the decay heat. The present analysis showed that the earliest temperature rise of the fuel rod surface occurred when the water level of the SFP was zero, that is for no water, and natural circulation of air became possible. 
Conclusions
The SAMPSON code was modified to evaluate severe SFP accidents. Not only the SFP but also the upper spaces of the SFP, walls of the reactor building, and the blowout panel were included in the model. Air oxidation models for Zircaroy-4 cladding (the ANL model) and Zircaroy-2 cladding (the JAEA model) were included in the modified SAMPSON code.
Experiments done by Sandia National Laboratory using simulated fuel assemblies equivalent to those of an actual BWR plant were analyzed by the modified SAMPSON code to confirm the function of fuel temperature calculation in the event of loss of fuel cooling in the SFP. The shape loss factor of the fuel assembly, which was important in the calculation of the natural circulation flow rate, was first determined by analyzing the hydraulic experiment. The rapid fuel rod temperature rise due to the Zr air oxidation reaction could be reasonably evaluated by the SAMPSON analysis for the radial propagation experiment. The effect of decay heat was evaluated to 50000 s by the analysis of the SFP assuming no initial water. When the decay heat was greater than 1.4 kW/assembly (corresponding to one year cooling), the fuel rod temperature sharply increased at about 1100 K due to the Zr air oxidation reaction and when the decay heat was greater than 6.6 kW/assembly (corresponding to 30 days cooling), fuel rod melting occurred. The effect of the oxidation reaction model was evaluated at the decay heat of 6.6 kW/assembly. There was almost no difference in the maximum temperature transient of the fuel rod surface between the ANL and JAEA models since the extent of the oxidation reaction was limited by the amount of oxygen supplied in the current analysis conditions. Analysis was conducted with different initial water levels: no water, water at the bottom of active fuel, and water at half of active fuel. In this analysis fuel assemblies with high decay heat (3.28 kW/assembly) and low decay heat (0.25 kW/assembly) have been modeled. Maximum temperature of fuel rod surface increased rapidly from around 16000 s in the case of no water level since oxygen necessary for continuing the oxidation reaction of Zr was supplied by natural circulation of air. The temperature rise by the oxidation reaction of Zr did not occur in the analysis to 40000 s with the initial water level at bottom of active fuel and at half of active fuel since natural circulation of air did not occur and the steam generation rate was small. The present analysis showed that the earliest temperature rise of the fuel rod surface occurred when there was no water in the SFP and natural circulation of air became possible. Greek letters τ() breakaway timing
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